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A Targeted Deletion in a-Tectorin Reveals
that the Tectorial Membrane Is Required
for the Gain and Timing of Cochlear Feedback
signal auditory information to the CNS via the cochlear
nerve.
The roles played by the BM and the hair cells in co-
chlear frequency tuning and sensory processing are now
largely understood. However, the TM is a particularly
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inaccessible structure, and its precise role is unclear.Falmer, Brighton, BN1 9QG
The mass and stiffness of the TM will determine itsUnited Kingdom
resonance properties. In one theoretical model, for†Zoologisches Institut
which there is some direct evidence (Gummer et al.,Luisenstrasse 14
1996), the TM acts as second resonator and vibrates at aMu¨nchen, GE-8033
frequency that is half an octave below the characteristicGermany
resonance frequency (CF) of the underlying BM. In this
model, at frequencies above its resonance (e.g., at the
CF of the underlying BM), the mechanical impedanceSummary
of the TM will be dominated by its mass. The degree to
which the TM influences the CF of the BM will then bea-tectorin is an extracellular matrix molecule of the
determined by the strength of the coupling between theinner ear. Mice homozygous for a targeted deletion in
TM and the organ of Corti. If the rotational stiffness ofa-tectorin have tectorial membranes that are de-
the hair bundles is about an order of magnitude lesstached from the cochlear epithelium and lack all non-
than the radial stiffness of the TM (Abnet and Freeman,collagenous matrix, but the architecture of the organ
2000), the TM should act as an inertial mass againstof Corti is otherwise normal. The basilar membranes
which the hair bundles of the OHCs can react (Gummerof wild-type and a-tectorin mutant mice are tuned, but
et al., 1996). In this case, the TM should not contributethe a-tectorin mutants are 35 dB less sensitive. Basilar
toward the CF of the BM. However, if the stiffness ofmembrane responses of wild-type mice exhibit a sec-
the OHC hair bundles and the TM are similar, the TM isond resonance, indicating that the tectorial membrane
expected to influence the CF of the BM.provides an inertial mass against which outer hair cells
The models that most successfully account for fre-can exert forces. Cochlear microphonics recorded in
quency tuning and amplification in the cochlea also in-a-tectorin mutants differ in both phase and symmetry
volve mechanical feedback, with a delay (Mountain etrelative to those of wild-type mice. Thus, the tectorial
al., 1983) that results in forces being delivered to themembrane ensures that outer hair cells can effectively
BM when its movement is at maximum velocity (e.g.,respond to basilar membrane motion and that feed-
Geisler and Sang, 1995; Markin and Hudspeth, 1995).back is delivered with the appropriate gain and timing
For feedback to be optimal, OHCs should provide maxi-required for amplification.
mum gain for low-level stimuli. Electromotile feedback
from the OHCs is voltage dependent (Dallos, 1992) andIntroduction
governed by the relationship between hair-bundle dis-
placement and the hair-cell receptor potential, the re-The organ of Corti of the inner ear separates sounds
ceptor-potential transfer function (Mountain et al., 1983).into their component frequencies. It contains two types
Maximum gain occurs at the steepest region of the re-of mechanosensory hair cells, the inner and outer hair
ceptor-potential transfer function, where the DC compo-
cells (IHCs and OHCs), that are sandwiched between
nent of the receptor potential is at or close to a minimum
two strips of extracellular matrix, the basilar membrane
and the receptor potentials are symmetrical (Russell and
(BM) and the tectorial membrane (TM). Sound separa- Ko¨ssl, 1992). Thus, the control of the operating point of
tion is performed by the BM, which is tuned to different the OHC receptor-potential transfer function is crucial
frequencies along its length (von Bekesy, 1960). The in determining the sensitivity of the cochlea (Russell et
sensory bundles of the hair cells are displaced by the al., 1986). Setting the operating point could be an intrin-
shear that is generated between the surface of the organ sic property of OHCs that changes along the length of
of Corti and the overlying tectorial membrane in re- the cochlea, or it could be determined through extrinsic
sponse to BM motion. The hair bundles of the OHCs static forces that bias the hair bundle.
are firmly imbedded in the TM (Kimura, 1966) and form The mammalian TM contains at least three types of
a mechanical link between the TM and the BM. The collagens, and the noncollagenous glycoproteins a-tec-
vibrations of the BM are amplified and sharpened (Sel- torin, b-tectorin, and otogelin (Richardson et al., 1987;
lick et al., 1982) through active feedback from the elec- Thalmann et al., 1987, Slepecky et al., 1992a, 1992b;
tromotile outer hair cells (Brownell et al., 1985; Dallos, Cohen-Salmon et al., 1997; Killick and Richardson, 1997;
1992). The IHCs are located near the medial edge of Legan et al., 1997). a-tectorin is a large modular protein
the BM. They detect, but do not actively influence, the composed of an N-terminal entactin G1-like domain, a
relative movements of the TM and the organ of Corti, and central region containing three full and two partial von
Willebrand factor (vWF) type D repeats, and a C-terminal
zona pellucida (ZP) domain. b-tectorin is a much smaller‡ To whom correspondence should be addressed (e-mail: g.p.rich
ardson@sussex.ac.uk [G. P. R.], i.j.russell@sussex.ac.uk [I. J. R.]). protein forming a single ZP domain (Legan et al., 1997).
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The collagen fibrils of the tectorial membrane run radially are visible in the developing tectorial membrane (Fig-
ure 1h).across the organ of Corti and are imbedded in a colla-
genase-insensitive, striated-sheet matrix formed from
two types of fine diameter filament (Hasko and Richard- The Tectorial Membranes Are Detached
son, 1988). Otogelin is associated mainly with the colla- from the Epithelial Surface
gen fibril bundles (Cohen-Salmon et al., 1997), while in Adult TectaDENT/DENT Mice
a- and b-tectorin are major components of the striated- A TM can be observed forming on the surface of the
sheet matrix (Richardson et al., 1987; Killick and Rich- greater epithelial ridge in the cochleae of Tecta1/1,
ardson, 1997). Tecta1/DENT, and TectaDENT/DENT mice at the 2 day postnatal
In this study, we describe how a targeted deletion in stage of development (Figures 2a–2c). The TM in
the entactin G1-like domain of a-tectorin results in a TM TectaDENT/DENT mice is less darkly stained by Toluidine
that lacks all noncollagenous matrix and is completely blue than that in Tecta1/1 or Tecta1/DENT mice and is less
detached from the surface of the organ of Corti. The compact. By 3 weeks after birth, the cochlea is fully
mutation provides a unique opportunity to study how developed and the cells of the greater epithelial ridge
the specific and noninvasive removal of a single element have receded to form the internal sulcus. In Tecta1/1
from the cochlea affects the behavior of a complex inter- and Tecta1/DENT mice, the TM is attached by its medial
acting system, and allows one to make a number of edge to the spiral limbus, stretches over the internal
conclusions about the normal function of the tectorial sulcus, and covers the organ of Corti (Figures 2d and
membrane. 2e). In TectaDENT/DENT mice, the TM is completely detached
from both the spiral limbus and the organ of Corti,
and is invariably found associated with Reisner’s mem-Results
brane, often lying close to the latter’s margin with the
stria vascularis (Figure 2f). A total of 13 Tecta1/1, 21The strategy used to introduce a targeted deletion
Tecta1/DENT, and 15 TectaDENT/DENT mice ranging from 23(DENT) into the mouse a-tectorin gene, Tecta, is shown
to 67 days of age were examined in this study by lightin Figure 1a. A correctly targeted ES cell line was identi-
microscopy. All Tecta1/1 and Tecta1/DENT mice had TMsfied by Southern blot analysis (Figures 1b and 1c). A
that were of normal appearance and attached to thechimeric male mouse derived from injection of the tar-
spiral limbus. All TectaDENT/DENT mice had TMs that weregeted ES cells into blastocysts was crossed to a C57BL/
detached from the spiral limbus and associated with6J female. Two pairs of heterozygous agouti mice
Reisner’s membrane.resulting from this cross were inbred to produce F2
mice, from which pairs of known genotype were inbred
to produce an F3 generation. Both F2 and F3 mice The Otoconial Membranes Are Reduced
were used in this study and are on a mixed (50:50) in TectaDENT/DENT Mice, but the Cupulae
129SvEv:C57BL/6J genetic background. All mice were Are Unaffected
used before 3 months of age to avoid problems associ- Otoconial membranes are the extracellular matrices that
ated with the age-related hearing loss that have been cover the apical surfaces of the sensory maculae and
reported for C57BL/6J and related 129SvJ mouse support the otoconia, dense deposits of calcium car-
strains (Zheng et al., 1999). bonate that provide inertial mass. a-tectorin is ex-
pressed in the utricle and saccule of the inner ear, but
not in the ampullae of the semicircular canals, and isExon 3 Is Skipped in Tecta Mutant Mice
one component of the otoconial membranes (Rau et al.,Tectorin mRNAs are produced only transiently in the
1999). The otoconial membranes of TectaDENT/DENT micecochlea during the embryonic and early postnatal
are substantially reduced relative to those in Tecta1/1stages of development (Rau et al., 1999). RT–PCR with
and Tecta1/DENT mice, and only a few, abnormally large,total RNA prepared from the cochleae of 2 day postnatal
scattered otoconia are visible in sections (Figures 2i–2k).mice indicates that the insertion of a neor cassette into
TectaDENT/DENT mice do not circle or head-bob, or ex-the third coding exon of Tecta causes exon skipping in
hibit any other obvious behavioural defects. The cupu-heterozygous and homozygous mutant mice (Figure 1d).
lae of the semicircular canal organs are normal inDirect sequencing of the 327 bp RT–PCR product from
TectaDENT/DENT mice (Figures 2l–2n).homozygous mice confirms that exons 2 and 4 are joined
in frame (data not shown). Skipping exon 3 is predicted
to cause a deletion of 96 aa (DENT) within the N-terminal Otogelin and b-Tectorin Cannot Be Detected
in the Tectorial Membranesentactin G1-like domain of a-tectorin corresponding to
amino acids 67–162 of the predicted sequence. a-tec- of TectaDENT/DENT Mice
Antisera directed against Type II collagen, Type IX colla-torin can be readily detected in the cochleae of 2 day
postnatal Tecta1/1 and Tecta1/DENT mice by Western blot- gen, a-tectorin, b-tectorin, and otogelin were used to
compare the composition of the TMs in Tecta1/1,ting, but not in the cochleae of TectaDENT/DENT mice (Figure
1e). a-tectorin can be detected in the cochleae of 2-day- Tecta1/DENT, and TectaDENT/DENT mice (Figure 3). The TMs
of Tecta1/1 (Figures 3a–3e) and Tecta1/DENT (not shown)old Tecta1/1 and Tecta1/DENT mice by immunofluores-
cence in both the greater epithelial ridge and the overly- mice stain intensely with all five antisera. Staining of the
TM was not observed when the appropriate pre-immuneing tectorial membrane (Figures 1f and 1g). However, at
this stage of development in TectaDENT/DENT mice, immuno- or nonimmune sera were used at the same dilution as
the primary antiserum (not shown). In TectaDENT/DENT mice,reactivity is observed mainly within the greater epithelial
ridge, and only a few small spots of extracellular staining the detached TMs were stained by the antisera recogniz-
Hearing in Tecta Mutant Mice
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Figure 1. Targeted Integration into the Mouse Tecta Gene
(a) Structure of the 59 region of the Tecta gene, the targeting vector, and the targeted Tecta locus after homologous recombination. Closed
bars represent genomic DNA; positions of exons are marked by open boxes. The thin line represents vector DNA. Lightly shaded boxes mark
probes A and B. (HSVtk), HSV thymidine kinase cassette; (neo), neomycin resistance cassette; (Met), initiator methionine; (E), EcoRI; (H),
HindIII; (X), XbaI; (Xh), XhoI. Arrows indicate the transcriptional orientation of the HSVtk and neor cassettes. Scale bar, 1 kb.
(b and c) Southern blots of genomic DNA from Tecta1/1 and targeted ES cell lines digested with HindIII (b) or XbaI (c) and hybridized with
probes A (b) or B (c) to confirm correct targeting. Probe A hybridizes to bands of 13.7 kb from the Tecta1/1 allele and 10.8 kb from the mutated
allele. Probe B hybridizes to bands of 4.0 kb from the wild-type allele and 2.5 kb from the mutated allele.
(d) RT–PCR (left) of Tecta and Tectb mRNA from single cochleae of Tecta1/1 (1/1), Tecta1/DENT (1/D), and TectaDENT/DENT (D/D) mice, and a
schematic (right) of the expected exon splicing patterns. The expected product of 615 bp, spanning exons 2, 3, and 4 of Tecta, is seen in the
(1/1) lane, the 615 bp product and a product of 327 bp containing only exons 2 and 4 are seen in the (1/D) lane, and only the 327 bp product
is seen in the (D/D) lane. The expected product of 816 bp for Tectb is seen in all lanes.
(e) Western blots of cochlear proteins from Tecta1/1 (1/1), Tecta1/DENT(1/D), and TectaDENT/DENT (D/D) mice stained with an antibody raised to
the recombinant vWF D2 domain of a-tectorin. An immunoreactive a-tectorin band of z250 kDa is observed in Tecta1/1 and Tecta1/DENT samples
but not in that from the TectaDENT/DENT mice.
(f–h) Sections of the cochlear duct from Tecta1/1 ([1/1], [f]), Tecta1/DENT([1/D], [g]), and TectaDENT/DENT ([D/D], [h]) mice at the neonatal stage of
development stained with an antibody raised to the recombinant vWF D2 domain of a-tectorin. Immunoreactivity is observed in the greater
epithelial ridge (G) and the overlying TM in Tecta1/1 and Tecta1/DENT mice. In TectaDENT/DENT mice, staining is mainly observed in the greater
epithelial ridge, and only a few small punctate spots of staining (arrow) are seen in the TM. Scale bar for (f)–(h), 50 mm.
ing Type II and Type IX collagen (Figures 3f and 3g), but level, containing bundles of 20 nm diameter collagen
fibrils imbedded in a fibrillar matrix. As described pre-not by the antisera directed against a-tectorin,
b-tectorin, or otogelin (Figures 3h–3j). viously (Hasko and Richardson, 1988), this matrix is
composed of light- and dark-staining, fine-diameter fila-
ments that are organized in laminae that have a striatedThe Detached Tectorial Membranes
appearance due to the alternating arrangement of theof TectaDENT/DENT Mice Lack
two filament types (Figure 4d). All other regional special-a Striated Sheet Matrix
izations of the TM previously described, including theThe TMs of Tecta1/1 (not shown) and Tecta1/DENT mice
(Figures 4a, 4b, and 4d) are identical at the ultrastructural covernet fibrils (Figure 4a), Kimura’s membrane (Figure
Neuron
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Figure 2. Matrix Morphology in the Inner Ear
One micrometer thick, Toluidine blue–stained sections of the cochlea (a–h), saccular macula (i–k), and crista ampullaris (l–n) of Tecta1/1 ([1/1],
[a], [d], [g], [i], and [l]), Tecta1/DENT([1/D], [b], [e], [j], and [m]), and TectaDENT/DENT ([D/D], [c], [f], [h], [k], and [n]) mice. Sections in (a)–(c) are from
2 day postnatal mice. Sections in (d)–(n) are from mice at 32–56 days of age. (CR), crista ampullaris; (CUP), cupula; (GER), greater epithelial
ridge; (OM), otoconial membrane; (RM), Reisner’s membrane; (SL), spiral limbus; (STR), stria vascularis; (TM), tectorial membrane. Arrowheads
in (g) and (h) indicate OHCs, arrows indicate IHCs, and arrows in (i) and (k) indicate otoconia. Scale bars in (c), (f), and (n) (for [a]–[c], [d]–[f],
and [l]–[n], respectively), 50 mm; scale bars in (h) and (k) (for [g]–[h] and [i]–[k], respectively), 20 mm.
4b), Hensen’s stripe, and the marginal band (not shown) Otoacoustic Emissions Cannot Be Detected
are observed in Tecta1/1 and Tecta1/DENT mice. The from TectaDENT/DENT Mice
detached TMs of TectaDENT/DENT mice contain randomly Distortion product otoacoustic emissions (DPOAEs) are
organized collagen fibrils (Figures 4c and 4e). Small, produced through the interaction of two pure tones in
punctate, dense-staining particles can be observed dis- the cochlea (Kemp, 1979; Kim et al., 1980). They reflect
tributed periodically along the length of some of these the biomechanical activity of the cochlea (Mountain,
collagen fibrils (Figure 4e). However, the fine filament- 1980) and can be used to assess cochlear sensitivity
based, striated-sheet matrix and all other regional spe- noninvasively (Gaskill and Brown, 1990). In Tecta1/1 (n 5
cializations of the TM are completely absent from the 48) and Tecta1/DENT (n 5 27) mice, 2f1-f2 DPOAEs had
TMs of TectaDENT/DENT mice (Figures 4c and 4e). comparable levels and were 10–15 dB below the f2 level
(f2 516 kHz). In both Tecta1/1 and Tecta1/DENT mice, an
optimum frequency ratio of 1.21 for f2/f1 induces maxi-Hair Bundles Are Normal and of Correct
mal DPOAE amplitude at low stimulus levels (f1 5 15Orientation in TectaDENT/DENT Mice
dB SPL, f2 5 5 dB SPL at 16 kHz). DPOAEs cannot beThe cellular architecture of the organ of Corti is identical
detected from the ears of TectaDENT/DENT mice (n 5 10)in Tecta1/1 (Figure 2g), Tecta1/DENT (not shown), and
using primary tones with sound levels up to the maxi-TectaDENT/DENT mice (Figure 2h). A single row of IHCs and
mum of 60 dB SPL that was used in these experiments.three rows of OHCs are observed that are separated by
the twin pillar cells (Figures 2g and 2h). Scanning elec-
tron microscopy of the organ of Corti in Tecta1/1 (Figures
TectaDENT/DENT Mice Have Normal5a and 5c), Tecta1/DENT (not shown), and TectaDENT/DENT
Endocochlear Potentials(Figures 5b and 5d) mice at the 3 day postnatal (Figures
The positive endocochlear potential (EP) in scala media5a and 5b) and later (67 day) (Figures 5c and 5d) stages
provides an additional driving voltage for mechanoelec-of development indicates that the structure and orienta-
trical transduction. The EPs recorded from 13 Tecta1/1tion of the hair bundles in TectaDENT/DENT mice are unaf-
fected by the loss of the TM from the organ’s surface. (197.92 6 5.26 mV, mean 6 SD) and 9 TectaDENT/DENT mice
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can also be revealed in gain functions where the dis-
placement of the BM in nm/pascal is plotted as a func-
tion of frequency. In addition, due to the nonlinear prop-
erties of the system, the phase of BM displacement
relative to that of the stimulus changes as a function of
level for tones around CF, but not for tones away from
the CF. These hallmarks of the CF—high gain and sensi-
tivity, and compressive nonlinearity with associated
level-dependent phase changes—are lost post-mortem
as the system becomes passive as opposed to active.
Examples of displacement-level functions, frequency-
tuning curves, gain functions, and level-dependent
phase changes obtained from a wild-type mouse at a
measurement site with a CF of 60 kHz in the basal turn
of the cochlea are shown in Figures 6a–6c. These results
are representative of data obtained from a total of six
wild-type mice where the CFs ranged from 50 to 60 kHz.
For frequencies below the CF (48, 56 kHz; Figure 6a),
the displacement-level functions are linear and have a
slope of 1dB/dB over their entire range. Both at (60 kHz)
and above it (64 kHz), the displacement-level functions
grow with slopes that are initially less than 1 dB/dB
(Figure 6a). They also become more compressive with
increasing level, with the slope changing to less than
0.3 dB/dB at a level 20–40 dB above the noise floor (20
dB SPL). The displacement-level function for low-level
stimuli is most sensitive at the CF (60 kHz).
The frequency-tuning curve (thick line, Figure 6b) re-
veals a sharp threshold minimum at the CF. A second
threshold minimum is also evident about a half an octave
below the CF in the tuning curves of Tecta1/1 mice (48
kHz, Figure 6b), but the displacement-level functions at
this point (48 kHz, Figure 6a) are linear. This second
threshold minimum survives conditions that cause the
loss of the tuning curve tip (dotted line, Figure 6b). How-
Figure 3. Immunohistochemistry of the TM ever, the tip of the tuning curve and the second threshold
Cryosections of the cochlea from Tecta1/1 ([1/1], [a]–[e]) and minimum both disappear post-mortem, and the thresh-
TectaDENT/DENT ([D/D], [f]–[j]) mice at 25 days of age stained with anti- old at CF increases by at least 40 dB (thin line, Figure
bodies to Type II collagen (a and f), Type IX collagen (b and g), 6b). The frequency-dependent amplification of BM re-
a-tectorin (c and h), b-tectorin (d and i), and otogelin (e and j). Arrows
sponses in Tecta1/1 mice is seen in Figure 6c, wherepoint to the TM. Scale bar, 50 mm.
the gain of BM displacements is plotted as a function
of frequency. For SPLs less than 35 dB, maximum gain
is at the CF (60 kHz). The frequency at which gain is(194.11 6 8.67 mV) are not significantly different (p 5
maximum shifts from 60 kHz at low sound levels to 480.29, one-way ANOVA).
kHz at high levels, a decrease of 0.32 octaves relative
to the CF. This shift in peak gain of BM responses is
Basilar Membrane Responses in TectaDENT/DENT similar to that reported in other species (e.g., Ruggero
Mice Are Tuned but Insensitive et al., 1997). At the CF, amplification decreases 100-fold
Frequency selectivity in the auditory system has its ori- for levels between 20 and 75 dB SPL. The compression
gin in the mechanical frequency tuning of the BM. The that is seen in level functions measured at and above
tuning properties of a particular site on the BM are deter- the CF (Figure 6a) is reflected in the gain function (Figure
mined by plotting BM displacement as a function of 6c) as the separation between the gain profiles at suc-
sound level for a range of frequencies (i.e., generating cessive SPLs.
displacement-level functions) and then deriving a fre- Phase plots (Figure 6c) reveal the differences between
quency tuning curve from these functions. The fre- the phase of BM responses to a high-level tone (60 dB
quency tuning curve is based on the sound level required SPL, when the cochlear responses are strongly com-
at each frequency to displace the BM by a particular pressive) and a low-level tone (40 dB SPL, when co-
amount (e.g., 0.4 nm). The CF of the site is then defined chlear amplification should be near maximum). The low-
as the frequency to which the BM is most sensitive. For level BM responses lead the high-level responses for
frequencies at the CF, the high sensitivity to low-level frequencies just below the CF. The phase is relatively
stimuli is due to strong, nonlinear electromechanical independent of level at the CF, and the low-level re-
amplification. Correspondingly, the displacement-level sponse lags the high-level response for frequencies just
functions are nonlinear and have slopes less than 1 (i.e., above the CF (Figure 6c). At frequencies well below the
CF, BM phase appears to be independent of level.are compressive). The amplification that occurs at CF
Neuron
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Figure 4. Ultrastructural Analysis of the TM
Ultrastructure of the TM in Tecta1/DENT (a, b, and d) and TectaDENT/DENT (c and e) mice at 23 days of age.
(a and b) Low magnification images of the upper (a) and lower (b) surfaces of the TM in a Tecta1/DENT mouse. Radially organized collagen
fibrils (arrowheads) are imbedded in a matrix of fine filaments. On the upper surface (a), a covernet fibril (CN) is visible. On the lower surface
(b), the dense region is Kimura’s membrane (KM) and the dimple (small arrow) is the attachment site for the stereocilium of an OHC.
(c) In TectaDENT/DENT mice (c), only randomly organized collagen fibrils are visible. Scale bar in (c), 1 mm; also applies to (a) and (b).
(d and e) High magnification images of the central core of the TM in Tecta1/DENT (d) and TectaDENT/DENT (e) mice. In Tecta1/DENT mice (d), alternating
light- and dark-staining fine-diameter filaments (small arrows) form the striated sheet matrix within which the collagen fibrils (arrowheads) are
imbedded. Twisted or on-edge profiles of sheet matrix have the appearance of thick wavy fibrils (large arrow). In TectaDENT/DENT mice (e), small,
dense particles (arrowheads) can be seen arrayed along some of the collagen fibrils. Scale bar in (e), 200 nm; also applies to (d).
Measurements of basilar membrane displacement lie between 50 and 60 kHz in wild-type mice. Represen-
tative displacement-level functions, frequency-tuningwere made from the same basal-turn region of the co-
chlea in 5 TectaDENT/DENT mice, in a region where the CFs curves, gain functions and level-dependent phase
Figure 5. Hair Bundle Structure and Orien-
tation
Scanning electron micrographs illustrating
the surface of the organ of Corti in Tecta1/1
([1/1], [a] and [c]) and TectaDENT/DENT ([D/D], [b]
and [d]) mice at 3 (a and b) and 67 (c and
d) days of postnatal development. The hair
bundles of inner (arrows) and outer (arrow-
heads) hair cells in Tecta1/1 and TectaDENT/DENT
mice are of similar morphology and have the
same polarity. Scale bar in (b), 10 mm; also
applies to (a). Scale bar in (d), 10 mm; also
applies to (c).
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Figure 6. Mechanical Properties of the Bas-
ilar Membrane
Basilar membrane responses from Tecta1/1
mice ([a]–[c]; [1/1]; CF 5 60 kHz) and
TectaDENT/DENT mice ([d] – [f]; [D/D]; CF 5 58
kHz).
(a and d) BM displacement as a function of
sound level for tones with frequencies at and
close to the CF. Thick lines show responses
at the CF. The measurement frequency in kHz
is indicated adjacent to the level functions,
and PM indicates post mortem measure-
ments. The dashed line indicates a slope of
1dB/dB.
(b and e) BM frequency threshold curves for
a 0.4 nm displacement criterion. Thick lines
are from the living preparation. Dashed lines
are at decreased sensitivity. Thin lines show
post mortem responses. The asterisk indi-
cates the second resonance.
(c and f) Upper curves: BM gain as a function
of frequency at the levels indicated. Lower
curves: Phase differences between low-level
and high-level tones for frequencies close to
the CF. In (c), the low-level tone 5 40 dB SPL
and the high-level tone 5 60 dB SPL. In (f),
the low-level tone 5 70 dB SPL and the high-
level tone 5 90 dB SPL. The dotted line de-
notes zero phase. Vertical dashed and dotted
lines indicate the CF. The asterisk indicates
the second threshold minimum.
changes obtained from one of these mutant mice are dB less sensitive than those of wild-type mice and do
not show strong compression at high sound pressureshown in Figures 6d–6f.
At frequencies below the expected CF, the displace- levels (64 kHz, Figure 6d).
The frequency-tuning curve indicates that the BM ofment-level functions have a slope of 1 (48, 54 kHz, Figure
6d). At frequencies close to and above those expected TectaDENT/DENT mice at the basal-turn location is most sen-
sitive to frequencies lower than expected (45–50 kHz,for the CF of the measurement site, the displacement-
level functions have slopes less than 1 (58, 64 kHz, Figure 6e). However, at these frequencies, the displace-
ment-level functions have slopes of 1 (Figure 6d), theFigure 6d). However, for displacements greater than 0.4
nm, the displacement-level functions are more than 35 gain of the BM response is independent of level (Figure
Neuron
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6f), and level-dependent phase changes are not de- form close to the beginning of the CM waveforms is
the compound action potential (CAP) from the auditorytected (Figure 6f). A sharp, but less sensitive, minimum
is observed in the frequency-tuning curve of mutant nerve.
At high temporal resolution (Figure 7e), within 1ms ofmice at the expected CF of the measurement site (58
kHz, Figure 6e). At this frequency and above it (58, 64 the onset of the CM response, it can be seen that there
are clear differences in the CM waveforms of Tecta1/1kHz, Figure 6d), the displacement-level functions have
a slope less than 1. The gain of the BM response is also and TectaDENT/DENT mice. The level-dependent asymme-
try of the CM in the Tecta1/1 mouse takes about 1 mslevel dependent at the expected CF (Figure 6f), although
the amplification of the BM response is about 100-fold to develop, whereas the asymmetrical CM of the
TectaDENT/DENT mouse is apparent at the onset of the re-less in absolute terms than that observed at the CF in
Tecta1/1 mice (Figure 6e). Furthermore, the low-level (70 sponse. The phase of the 18 kHz CM is level independent
in both Tecta1/1 and TectaDENT/DENT mice, but the CM ofdB SPL) BM responses phase lead high-level (90 dB
SPL) BM responses just below the expected CF, are TectaDENT/DENT mice phase leads that of the Tecta1/1 mice
by about 908 (Figure 7e). When the peak magnitude oflevel independent at this frequency, and phase lag one
another just above it (Figure 6f). These data indicate the positive and negative phases of the CM waveform
are plotted as functions of sound pressure at the tym-that the BM in this location of the cochlea of TectaDENT/DENT
mice is tuned but is 30–40 dB less sensitive. The CFs panic membrane, then the resultant receptor-potential
transfer functions (Figure 7f) further reveal the markedmeasured at the basal-turn site in TectaDENT/DENT mice
(mean 5 52.4 6 4.2 kHz, n 5 5) are not significantly differences in the sensitivity and symmetry of the re-
sponses from Tecta1/1 and TectaDENT/DENT mice.different (p 5 0.54, one-way ANOVA) from those re-
corded at a similar location in Tecta1/1 mice (mean 5
51.4 6 3.4 kHz, n 5 6). Afferent Fibers in TectaDENT/DENT Mice Respond Best
to High-Frequency Tones
The transient signal recorded at the onset of the re-Cochlear Microphonics in TectaDENT/DENT Mice
sponse to the tone burst is the CAP, and is due to theAre Always Asymmetric
synchronous activation of the afferent fibers that supplyThe cochlear microphonic (CM) recorded at the round
the IHCs. It is present in the round window responseswindow is the phasic component of the extracellular
of both Tecta1/1 and TectaDENT/DENT mice (Figures 7a–7d).receptor potential produced almost entirely by OHCs in
From the CAP detection-threshold audiograms (Figurethe basal turn of the cochlea (Patuzzi et al., 1989). The
7g), it can be seen that Tecta1/1 mice are 80 dB moreother major component of the extracellular receptor po-
sensitive than TectaDENT/DENT mice at frequencies betweentential is the DC potential (summating potential) that is
15 and 20 kHz. This difference is reduced at higherdue to biasing of the OHC responses (Cody and Russell,
frequencies because the thresholds for the TectaDENT/DENT1987). The DC component will be zero if the OHC trans-
mice decrease with increasing frequency at around 6ducer conductance operates symmetrically so that 50%
dB/octave (dotted line in Figure 7g).of the transducer conductance is open at rest. If the
hair bundle is biased so that more than 50% of the
transducer conductance is open at rest, the CM will Discussion
appear to have a negative (hyperpolarizing) asymmetry
and hence a negative DC component. If less than 50% Tecta Is Required for Formation
of the Noncollagenous Matrixof the transducer conductance is open at rest, the CM
will appear to have a positive (depolarizing) asymmetry, in the Tectorial Membrane
a and b-tectorin are the major proteins of the noncollag-and the DC component will be positive.
CM was recorded from the round window of six enous matrix of the TM. The mutation introduced into
the a-tectorin gene causes exon skipping. This is pre-Tecta1/1 and 6 TectaDENT/DENT mice in response to tones
at frequencies well below the best frequency range of dicted to delete 96 aa in the N-terminal, entactin G1-
like domain of a-tectorin. At the early postnatal stagethe basal turn of the cochlea, to avoid phase shifts asso-
ciated with the CFs of this region. The CM records in of development, faint a-tectorin immunoreactivity can
be observed by immunofluorescence in the greater epi-Figures 7a and 7c are from raw data, while those in
Figures 7b and 7d have been low-pass filtered at 5 kHz thelial ridge of TectaDENT/DENT mice and, to a very limited
extent, in the TM. However, a-tectorin cannot be de-to remove the phasic component of the CM and reveal
the DC component. The CM recorded from Tecta1/1 tected by Western blotting, indicating that protein levels
are very low, and by 3 weeks after birth the TMs ofmice in response to an 18 kHz tone is symmetrical for
levels below about 60 dB SPL. For levels between 60 TectaDENT/DENT mice do not contain any detectable a-tec-
torin. These data indicate that the mutant a-tectorinand 95 dB SPL, the CM has a negative asymmetry and
hence a negative DC component. For levels above 95 protein is synthesized and probably secreted, but can-
not form a stable matrix and is degraded rapidly. ThedB SPL, it has a positive asymmetry and a positive
DC component (Figures 7a and 7b). CM could not be mouse is therefore likely to be a functional null, although
it is always possible that the phenotype is due to therecorded from TectaDENT/DENT mice for frequencies below
about 2 kHz. For frequencies above this, the waveform presence of mutant protein rather than its absence.
The TMs of TectaDENT/DENT mice also lack b-tectorin andhas a positive asymmetry that remains a fixed proportion
of the peak-to-peak magnitude of the unfiltered CM at otogelin, and are devoid of all structural components
apart from the collagen fibrils. b-tectorin alone is there-all stimulus levels (Figures 7c and 7d). The phasic wave-
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Figure 7. Electrical Responses of the Cochlea
(a–d) CM measured in response to an 18 kHz tone from a Tecta1/1 mouse ([1/1], [a] and [b]) at levels from 60 to 105 dB SPL in 5 dB SPL
steps and a TectaDENT/DENT mouse ([D/D], [c] and [d]) at levels from 95 to 120 dB SPL in 5 dB SPL steps. In (a) and (c), records are filtered at
50 kHz; in (b) and (d), records are filtered at 5 kHz. Upward deflections in the DC component indicate a positive depolarizing shift; downward
deflections indicate a negative hyperpolarizing shift, Vertical lines, 0.5 mV; horizontal line, 10 ms.
(e) CM measured in response to an 18 kHz tone at high temporal resolution. (1/1), Tecta1/1 mouse at levels from 60 to 90 dB SPL in 5 dB
SPL steps; (D/D), TectaDENT/DENT mouse at levels from 95 to 125 dB SPL in 5 dB SPL steps; ([1/1 & D/D], thin line), Tecta1/1 mouse at 95 dB
SPL; ([1/1 & D/D], thick line), TectaDENT/DENT at 115 dB SPL; (Stimulus), control voltage to microphone driver. Vertical line, 0.1 mV for three
upper sets of traces; horizontal line, 0.1 ms.
(f) Peak CM as function of RMS sound pressure at the tympanic membrane. (1/1), Tecta1/1 mouse; (D/D), TectaDENT/DENT mouse.
(g) CAP threshold as a function of stimulus frequency recorded from Tecta1/1 (closed symbols) and TectaDENT/DENT mice (open symbols).
fore unable to form a stable filament-based matrix in are unclear, the mutation provides a model for studying
the normal function of the TM.TectaDENT/DENT mice. This could be due to the absence of
wild-type a-tectorin, the presence of mutant a-tectorin,
or the loss of another component. The loss of otogelin The Tectorial Membrane Is Required for Cochlear
from the TM of TectaDENT/DENT mice cannot account for Sensitivity but Not for Tuning
the total lack of noncollagenous components, as a null The BM tuning curves of Tecta1/1 mice are sharply tuned
mutation for otogelin has no affect on the structure of and similar to those previously described in other mam-
the striated-sheet matrix or the other major components mals (e.g., Sellick et al., 1982; Cooper and Rhode, 1992;
of the TM (Simmler et al., 2000). Overall, these observa- Nuttall and Dolan, 1996; Ruggero et al., 1997), although
tions indicate that a-tectorin is required for formation they also exhibit a second threshold minimum at a fre-
of the noncollagenous TM matrix. quency about half an octave below the CF.
In addition to lacking all noncollagenous matrix, the Surprisingly, the estimated CFs of the basal-turn BM
TMs of TectaDENT/DENT mice are completely detached from displacement tuning curves in TectaDENT/DENT mice are not
the spiral limbus and the surface of the organ of Corti. significantly different from those in Tecta1/1 mice, al-
TM attachment cannot be mediated by otogelin, as the though amplification is 35–40 dB less than at the CF in
TM remains attached in otogelin null mutants (Simmler Tecta1/1 mice. According to models of mechanical tun-
et al., 2000). TM attachment to the cochlear epithelium ing (e.g., Geisler and Sang, 1995), the resonance at CF
may therefore be mediated by the tectorins, although occurs when the stiffness and mass components of the
the loss of other, as yet unidentified TM components or mechanical impedance of the cochlear partition (BM
alterations in collagen organization may account for the plus organ of Corti plus TM) cancel each other out. As
the BMs of TectaDENT/DENT and Tecta1/1 mice are tuned todetachment. Although the reasons for TM detachment
Neuron
282
similar frequencies, it is unlikely that the mass and the TM, OHCs in TectaDENT/DENT mice are stimulated by BM
stiffness of the TM contribute significantly to the passive vibrations. However, the CM of TectaDENT/DENT mice phase
resonant properties of the cochlear partition that nor- leads the CM of Tecta1/1 mice by 908, indicating that
mally determine the CF at threshold. Coupling between the OHCs in TectaDENT/DENT mice are fluid coupled and
the BM and TM will thus be weak at CF, as predicted respond to BM velocity while OHCs in Tecta1/1 mice
from comparisons of TM and OHC bundle stiffness (Ab- respond to displacement. The threshold for the velocity
net and Freeman, 2000). response is about 10 mms21, based on BM displacement
to a 2 kHz, 80 dB SPL tone. At this velocity, the hair
The Tectorial Membrane Provides a Structure bundles of OHCs must therefore begin to protrude
against which OHC Hair Bundles Can React above the unstirred fluid layer covering the organ of
The second threshold minimum observed in the fre- Corti that is moving in phase with BM displacement
quency tuning curves of Tecta1/1 mice requires the pres- (Freeman and Weiss, 1990). The CAP threshold also
ence of the TM because it is not seen in the tuning decreases at 6 dB/octave in TectaDENT/DENT mice, indicat-
curves of TectaDENT/DENT mice. Direct mechanical mea- ing that the IHCs as well as the OHCs are responding
surements in the isolated guinea-pig cochlea also reveal to BM velocity and not displacement. The TM therefore
that the TM resonates at a frequency that is half an normally ensures that the movement of OHC hair bun-
octave below the CF of the BM (Gummer et al., 1996). dles in Tecta1/1 mice is effectively coupled to BM dis-
The second threshold minimum observed in Tecta1/1 placement, even at low frequencies.
mice may therefore be due to the resonance of the TM.
If so, then the mechanical properties of the TM at the The TM Biases the Hair Bundles and Determines
CF will be dominated by its inertia (Gummer et al., 1996), the Gain of Feedback
and the TM will provide a structure against which the The CM of TectaDENT/DENT mice is asymmetrical, whereas
OHC hair bundles can react at the CF when driven by that of Tecta1/1 mice is symmetrical for low-level tones
BM vibration. and at the onset of high-level tones. OHCs of Tecta1/1
The radial stiffness of the isolated TM exceeds the mice are therefore operating about the most sensitive
rotational stiffness of the OHC bundles by a factor of region of their receptor-potential transfer functions, pro-
10 (Abnet and Freeman, 2000). Thus, the mechanical viding the maximum gain possible for low-level stimuli
coupling between the radial motion of the TM and BM (Russell and Ko¨ssl, 1992). The bias normally observed
is expected to be weak. However, for the resonance of in the operating point of the OHC receptor-potential
the TM to be seen in the BM response, there has to be transfer function in Tecta1/1 mice and the delayed DC
strong coupling between the TM and the BM. This will component in the CM response to tone levels above 60
occur when the radial stiffness of the TM matches, or dB SPL are probably due to the presence of the TM.
is less than that of the rotational stiffness of the hair Neither are observed in TectaDENT/DENT mice that have de-
bundles, a condition that will be met at frequencies at tached TMs, and a bias is not observed in the receptor-
or close to the resonant frequency of the TM. BM level- potential transfer functions of OHCs in mouse cochlear
displacement functions are linear at the second thresh- cultures (Russell et al., 1986), where the TM is also not
old minimum, and level-dependent changes in gain or in contact with the hair cells. The asymmetrical CM ob-
phase are not observed at this frequency. The OHCs served in TectaDENT/DENT mice shows that the OHCs have
may therefore be able to relay the responses of the only 10% of their transducer channels open at rest.
TM to the BM at this frequency, but unable to actively
They are therefore operating at a point on the receptor-
influence the motion of the BM.
potential transfer function where they provide less
Two lines of evidence, the tuning observed in the BM
gain, and are consequently unable to provide optimumresponses of TectaDENT/DENT mice and the presence of a
feedback to the BM. Thus, the operating point of thesecond resonance in Tecta1/1 mice, both imply that the
OHC receptor-potential transfer function in situ is notTM acts as an inertial mass and is a structure against
just an intrinsic property of the OHC, but is determinedwhich the hair bundles can react at CF. Although BM
by the balance between the intrinsic rotational stiffnessresponses to CF tones are strongly amplified in Tecta1/1
of the OHC hair bundle and the extrinsic radial stiffnessand only weakly in TectaDENT/DENT mice, the nonlinear
of the TM.slopes of their CF-level functions are similar. Therefore,
These observations indicate that the conditions offor levels less than about 20 dB above threshold, the
gain and timing required for OHC feedback to be effec-mechanisms by which OHCs amplify BM displacements
tive are not fulfilled in TectaDENT/DENT mice, because theare similar in both Tecta1/1 and TectaDENT/DENT mice, but
bundles are not biased and are responding to velocitythe presence of a TM is essential for effective amplifi-
rather than displacement.cation.
For feedback to be effective, OHC forces should be
The TM Is Required for the Strong Compressiondelivered with maximum gain and at a time that will
of CF-Level Functionsboost rather than oppose each cycle of BM displace-
The compression of cochlear responses with increasingment (Mountain et al., 1983; Geisler and Sang, 1995;
sound level provides the basis for the enormous dy-Markin and Hudspeth, 1995).
namic range of the auditory system and is attributed
to saturation of the OHC receptor potential and henceThe Tectorial Membrane Ensures that Feedback
reduced electromechanical feedback from OHCs (Pa-Is Delivered with Appropriate Timing
tuzzi et al., 1989; Yates et al., 1990). The slope of levelCM and neural responses can be measured in
TectaDENT/DENT mice. Therefore, despite the absence of a functions measured at the CF in Tecta1/1 mice becomes
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PCR. Genomic DNA was isolated from tail snips (Malumbres et al.,strongly compressive when the CF tone levels exceed
1997). Aliquots (2 ml) of tail DNA were added to PCR reactions45 dB SPL, a level about 20 dB above the measurement
containing 25 pmol each of primers ma544F (AGGGCCTTCATTGCTnoise floor. However, compression is not observed in
CCATTC, located at the 59 end of exon 3), ma628R (TGGC
the level functions measured at CF in TectaDENT/DENT mice GGGGTCCATGGTTTCT, located at the 39 end of exon 3), and PGKR2
for SPLs within 35 dB above the noise floor, and is (CACGAGACTAGTGAGACGTGCTACT, located at the 59 end of the
neor cassette), and 1.25 U of TaqEXPRESS (Genpack Ltd., Brighton,therefore also likely to be due to interaction between
UK). Reactions were hot started by adding MgCl2 to 2.0 mM andthe TM and OHCs.
heated to 988C for 15 s, 528C for 15 s, and 688C for 30 s, for 35 cycles.
PCR products were analyzed by agarose gel electrophoresis. In
Conclusions Tecta1/1 mice, a single product of 84 bp was amplified between
The results reveal that the TM provides a structure primers ma544F and ma628R. In TectaDENT/DENT mice, a single product
of 350 bp was amplified between ma544F and PGKR2. In Tecta1/DENTagainst which the OHCs can react at CF. It also ensures
mice, both products were amplified.that the forces from OHC feedback are delivered with
optimal gain and at the appropriate time in each cycle
RT–PCRof BM displacement, so that they are matched to the
Total RNA was isolated from single cochleae of Tecta1/1, Tecta1/DENT,
forces that displace the BM. Finally, the TM may also and TectaDENT/DENT mice using Trizol reagent (Life Technologies).
be required for the compression observed in the re- Randomly primed first-strand cDNA was synthesized from 2 mg of
total RNA using 15 U of AMV reverse transcriptase (Promega UK,sponses of the cochlea and hence the broad dynamic
Southampton, UK). The reaction was diluted to 100 ml with water,range of the system.
and 2 ml aliquots were used for PCR with forward primer aENTF1
(ATGCTCGAGGATCCCAGGGAGCTCATGTATC) and reverse primerExperimental Procedures
aENTR1 (AGCAGCCGGATCCGAAATTCGTGAGGTTTC) spanning
exons 3–5 of Tecta (bases 337–924 of the a-tectorin cDNA se-Construction of a Tecta Targeting Vector
quence). Aliquots were also amplified using primers bZPF2 (ATGCTBases 207–807 of the mouse a-tectorin cDNA were PCR amplified,
CGAGGATCCGTCATGCACTCCGAAT) and bZPR1 (AGCAGCCGrandom primer labeled with a32P-dCTP (Amersham International,
GATCCTTGTCACAGTTCACGGGGCA) spanning bases 185–973 ofAmersham, UK), and used to screen a mouse genomic DNA library
the b-tectorin cDNA sequence. All reactions contained 50 pmol of(strain 129SvEvBrd, Stratagene, Cambridge, UK). One positive clone
each primer and 1.25 U of TaqEXPRESS and were subjected to 38was isolated spanning the first six exons of the Tecta gene.
cycles of 988C for 15 s, 558C for 15 s, and 688C for 45 s. ProductsTo construct the targeting vector, pTBPNS3 (Brookes et al., 1993)
were analyzed by agarose gel electrophoresis, purified from the gelwas digested with BamHI and SacII and the 2 kb HSVtk cassette
with Geneclean (Anachem Ltd., Luton, UK), and directly sequencedblunt end cloned into the ApaI site of pBluescript-SK(1) carrying a
on an ABI 370A sequencer to confirm their identities.neomycin resistance (neor ) cassette driven by a PGK promoter. The
HSVtk cassette was in the opposite orientation to the neor cassette.
AntibodiesEcoRI fragments 2.0 and 3.2 kb from the Tecta genomic clone were
Bases 2577–3210 of the a-tectorin cDNA encoding 211 aa of theblunt end cloned into the XbaI and SalI sites of the vector, respec-
vWF D2 domain was blunt-end cloned into the XhoI site of pET 15btively. One clone was selected with both genomic fragments in the
(Novagen). Bases 185–974 of the b-tectorin cDNA encoding 263 aasame transcriptional orientation as the neor cassette. The targeting
encompassing the entire ZP domain was amplified by PCR andvector is shown in Figure 1a.
cloned into the BamHI site of pET 15b. Recombinant His-tagged
proteins were expressed in E. coli BL21 cells. Antiserum to a-tectorin
Isolation of Targeted ES Cells
was produced by immunizing a rabbit with recombinant fusion pro-
Embryonic stem (ES) cells (line CCB at passage 5, derived from
tein solubilized from inclusion bodies with 6 M urea and purified by
129SvEv mice; originally from Dr. Bill Colledge, University of Cam-
nickel-affinity chromatography. Antiserum to b-tectorin was pro-
bridge, Cambridge, UK) and G418-resistant STO cells were a kind duced by immunizing a rabbit with inclusion bodies washed with
gift from Dr. Chris Miller (Institute of Psychiatry, London, UK). ES either 6 M urea or 1.75 M guanidine HCl. For Western blotting,
cells were grown in DMEM supplemented with sodium pyruvate, antibodies to a-tectorin were affinity purified on recombinant fusion
nonessential amino acids, b-mercaptoethanol, nucleosides, 15% protein immobilized on PVDF membrane. Guinea-pig antiserum to
ES qualified fetal bovine serum, and 1 3 103 U/ml leukemia inhibitory bovine Type II collagen was a gift from Dr. T. J. Yoo (University
factor (Life Technologies, Paisley, UK) on feeder layers prepared of Tennessee, Nashville, TN), and rabbit antiserum to pig Type IX
from mitomycin C–treated mouse primary embryonic fibroblasts or collagen was a gift from Prof. A. Bailey and Dr. Victor Duance (AFRC,
G418-resistant STOs. The targeting vector (100 mg) was linearized Bristol, UK). Rabbit antiserum to otogelin was a gift from Prof. Chris-
with NotI and transfected into 8 3 107 ES cells by electroporation. tine Petit (Pasteur Institute, Paris, France).
After 10 days of selection with Geneticin and Cymovene (gan-
cyclovir), individual colonies were picked into 96-well plates and Western Blots
trypsinized. Aliquots of the cell suspensions were pooled in groups The combined greater and lesser epithelial ridges with adherent
of eight and screened by PCR for homologous recombination on spiral ganglia were dissected from cochleae of 2 day postnatal mice
the short arm of the vector (Wurst and Joyner, 1993). Positive pools in HEPES-buffered (10 mM, pH 7.2) HBSS, frozen in liquid N2, and
were identified and individual clones from each pool were re- stored at 2808C until use. Samples were thawed and lysed in 1%
screened as above. Four positive clones were identified from a TX-100/20 mM sodium phosphate (pH 7.2) containing protease in-
screen of 576 clones. Genomic DNA was prepared from each clone hibitors (PMSF 1 mM, benzamidine 2 mM, leupeptin 10 mg/ml, pep-
(Wurst and Joyner, 1993), and 15 mg aliquots were digested with statin 10 mM, NEM 2 mM) and centrifuged at 15,000 3 g for 10 min.
XbaI or HindIII and transferred to Hybond-N by Southern blotting. Pellets were solubilized in SDS–PAGE sample buffer at 1008C for 2
Separate blots were hybridized with pBluescript to confirm the ab- min and run on 7.5% polyacrylamide gels. Proteins were electroblot-
sence of vector, and with probe A, a PCR product spanning bases ted to nitrocellulose. Blots were preblocked in TBS/0.05% Tween-
1–427 of the cDNA, and probe B, a 303 bp PCR fragment of genomic 20/3% lowfat milk powder for 1 hr and then incubated overnight
DNA (Figure 1a), to confirm homologous recombination on both in primary antibodies diluted in the same solution. Bound primary
arms of the targeting vector. One cell line was used to generate antibodies were detected with alkaline phosphatase–conjugated
chimeric mice by microinjection of C57BL/6J blastocysts. goat anti-rabbit Ig.
Genotyping Mice Light and Electron Microscopy
Founder mice and their offspring were genotyped by Southern blot- Animals were killed by cervical dislocation and the cochleae rapidly
removed and placed in PBS. The oval and round windows wereting as described above. Routine genotyping was performed by
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removed or punctured with fine forceps, and a small hole was made of the BM in the 48–61 kHz region of the cochlea, about 1 mm from
the hook. The interferometer beam was focused to a 5 mm spot onin the bony capsule and underlying stria vascularis at the apex of
the cochlea. A small amount (z50 ml) of fixative (5% glutaraldehyde the surface of the BM. The interferometer was calibrated at each
measurement location by vibrating the calibrated piezo stack, onin 0.15 M sodium cacodylate (pH 7.2) containing 1% tannic acid)
was perfused through the windows and the apical opening, and the which it was mounted, over a known range of displacements. The
calibration was checked against the intrinsic calibration of the inter-cochlea immersion fixed in the same fixative for a further 2 hr.
Samples were washed in cacodylate buffer, postfixed in 1% OsO4 ferometer. Voltage responses from the interferometer were mea-
sured with a two-channel lock-in amplifier (Brookdeal 5210) andfor 1 hr, and rinsed in cacodylate buffer. Cochleae from animals 3
weeks of age and older were decalcified after fixation in 0.5 M EDTA digitized at 2.5 kHz with a Data Translation 2828 data acquisition
board, and the peak response was stored on a PC.[pH 8.2] for 7 days at 48C. Samples were dehydrated with ethanol,
equilibrated with propylene oxide, and imbedded in epoxy resin. CM was measured from the round window membrane using pi-
pettes that were filled with artificial perilymph and had tip diametersFor light microscopy, sections of 1 mm thickness were stained with
1% Toluidine blue. For electron microscopy, sections of 90 nm of 50–100 microns. Signals were amplified using an amplifier with
a recording bandwidth of .100 kHz (Hartley). Data were digitizedthickness were mounted on copper grids and stained with uranyl
acetate and lead citrate. at 250 kHz using a Microstar board and stored on a PC. EP was
measured using micropipettes that were filled with 3 M KCl and had
resistances of about 100 MV. The EP was read from the amplifierScanning Electron Microscopy
display. Experimental control, data acquisition, and data analysisCochleae were immersion fixed for 2 hr as described above using
were performed using a PC with programs written in Asyst or Test-2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
point (CEC, Billerica, MA).containing 4 mM CaCl2 as the primary fixative. Samples were
All procedures involving animals were performed in accordancewashed in cacodylate buffer, and the cochlear capsules were re-
with UK Home Office regulations.moved. The samples were postfixed in 1% OsO4 for 1 hr. Following
a brief wash with water, samples were dehydrated through ethanol,
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